Abstract. Biowaivers are recommended for immediate-release solid oral dosage forms using dissolution testing as a surrogate for in vivo bioequivalence studies. Several guidance are currently available (the World Health Organization (WHO), the US FDA, and the EMEA) where the conditions are described. In this study, definitions, criteria, and methodologies according to the WHO have been applied. The dissolution performances of immediate-release metronidazole, zidovudine, and amoxicillin products purchased in South African and Indian markets were compared to the relevant comparator pharmaceutical product (CPP)/reference product. The dissolution performances were studied using US Pharmacopeia (USP) apparatus 2 (paddle) set at 75 rpm in each of three dissolution media (pH1.2, 4.5, and 6.8).
INTRODUCTION
It is reported that various substandard medicines are freely accessible on global markets. Consequently, drug resistance and treatment failure are commonly reported in emerging markets such as in Asian and African countries. The Indian and South African pharmaceutical markets have a plethora of generic products that are generally substituted for innovator products (1, 2) . Although the quality, safety, and efficacy of marketed drug products in the above-mentioned countries are regulated by their respective regulatory agencies, such as The Central Drugs Standards Control Organization (CDSCO) and the Drugs Controller General (DCG) in India (3) and Medicines Control Council (MCC) in South Africa, substandard products somehow appear in the market. Thereby, clinicians face a challenge due to wide choice of generic products, especially in South Africa where generic substitution is mandated by law (4).
Substitution using generic products can only be done if their bioequivalence is comparable with a reference product, usually the innovator or "Brand" product. Whereas, the reference drug product (reference-listed drug (RLD)) required by the US FDA is listed as the RLD in the Orange book (5); in developing countries, innovator products may not be generally available (6) . Hence, the World Health Organization (WHO) (7) has proposed that a well-established drug product may be used as the comparator pharmaceutical product (CPP). In recent years, the possibility of allowing waivers for in vivo bioequivalence studies for certain drug products has created considerable interest (8, 9) . Initially, dissolution methods and acceptance criteria were only considered for drugs falling within the biopharmaceutics classification system (BCS) I class (10) . More recently, consideration has been given to apply biowaivers also for dugs falling into the other three BCS classes. According to the WHO (11) and the EMEA (12) , a biowaiver implies that in vivo bioequivalence studies may be substituted by performing in vitro dissolution testing to compare the "test" product against a reference product (RLD or CCP). Such biowaivers ensure good quality generic medicines at lower costs. Currently, several guidance documents such as those issued by the US FDA (13) , the WHO (11) , and the EMEA (14) are available, wherein the requirements to declare bioequivalence for specific classes of drugs contained in immediate-release drug products are described. Table I depicts the various definitions and criteria, including methodologies, which are recommended to assess in vitro bioequivalence using dissolution studies.
Löbenberg et al. (6) reported on comparative dissolution study of different generic products containing BCS class 1 drugs-amoxicillin, metronidazole, and zidovudine marketed in selected American countries-Argentina, Peru, Chile, Uruguay, and Mexico to their corresponding products marketed in the USA. The authors report that only 3 of the 12 amoxicillin products (11 generics vs 1 CPP) showed in vitro equivalence to the innovator, and none of the tested metronidazole products exhibited in vitro equivalence to the innovator, whereas all tested zidovudine products were found to be in vitro equivalent to the respective innovator product.
The present work is an extension of the above-mentioned dissolution studies on amoxicillin, metronidazole, and zidovudine generic products but comparing them with innovator/ CPP products available in South Africa and India. Since the selected dosage forms have been approved for marketing by the respective regulatory agencies, as a hypothesis, it is expected that these products would be bioequivalent and meet the dissolution criteria. Drug release was tested by validated HPLC analytical methods and assessed for bioequivalence in accordance with the WHO requirements for biowaivers for immediate-release solid oral dosage forms containing BCS class I drugs.
MATERIALS AND METHODS

Reagents and Materials
HPLC-grade acetonitrile and methanol were purchased from Romil Ltd. (Cambridge, Great Britain). Sodium acetate, sodium phosphate, sodium hydroxide, and glacial acetic acid were procured from Merck (Darmstadt, Germany). HPLCgrade water was generated in a MilliQ® System (Millipore, Milford, CT, USA) and Millex HV® hydrophilic PVDF 0.45-μm membrane filters (Millipore, Bedford, MA, USA) were used to filter all solutions. Metronidazole reference standard (RS) (JOC316), zidovudine RS (HOF263), and amoxicillin RS (KOH332) were purchased from the US Pharmacopeia (USP, Rockville, MD, USA). Generic and innovator products of amoxicillin, metronidazole, and zidovudine were purchased from local pharmacies and dealers in their respective countries. Buffer media for dissolution testing were prepared as per USP specifications at pH of 1.2, 4.5, and 6.8 (15) . Weight variation of the individual products was carried out as per compendia methods.
Flagyl® 400 (Sanofi-Aventis) was selected as the reference product (comparator pharmaceutical product-CPP) for the South African metronidazole products, whereas Flagyl® 400 obtained in India and manufactured by Abbott Healthcare Pvt. Ltd. was used as the CPP for the Indian products. Retrovir® (GlaxoSmithKline (GSK)) 100-and 300-mg formulations were selected as the CPP for zidovudine for the South African products. Since Retrovir® 100 (GSK) is no longer available in India, Zidovir 100 and 300 mg (Cipla-India (IND)) were used as the CPP for the Indian products. The innovator amoxicillin product is Amoxil® 500-mg capsules (GSK). However, Amoxil® is no longer available in South Africa or in India; hence, Ranmoxy 500-mg capsules (Ranbaxy-South Africa (SA)) and Mox 500-mg capsules (Ranbaxy-IND) were used as the respective CPPs.
Instrumentation and Equipment
HPLC was carried out using a model 2695 separation module equipped with a 2487 dual absorbance detector, a model Pro2 Empower data-acquisition system (Waters, Milford, CT, USA). Analytical column was Luna® C8 (2) column, 150×4.6 mm i.d., 5 μ particle size, and a Luna® Security Guard column (Phenomenex, Torrence, CA, USA). The pH testing of the prepared buffers were checked using a GLP 
Generic and Innovator Products
The market samples of generic and CPP products of metronidazole, zidovudine, and amoxicillin are listed in Tables II, III , and IV, respectively.
Dissolution Testing
Dissolution testing was performed using a USP apparatus 2 (paddle). The paddle was set at 75 rpm, and 900 ml of dissolution media was used to test all samples. Prior to testing, the dissolution media was preheated and degassed to prevent air bubble formation during transfer of buffers into the vessels. Dissolution testing was started after the temperature of 37°C (±0.5°C) was confirmed in all vessels. At pre-set time points of 10, 15, 20, 30, 45, and 60 min, samples were withdrawn by the automated system through a 45-μm UHMW polyethylene external probe end filters which were immersed in the dissolution media. Tablet samples were immersed into the media directly, and USP sinkers (316 stainless steel with inside length of 25-26 mm, inside diameter of 12.0±0.2 mm, and wire diameter of 1.0 mm) were used for capsules. Samples of 1.5 ml were withdrawn by the autosampler in combination with the Multifill fraction collector from each vessel at each time point. The volume of media sampled was not replenished into the vessels after each withdrawal. Hence, drug concentration was corrected by calculation for the withdrawn volume. The collected samples were transferred into a 1.8-ml vial which was eventually placed in the autosampler for injection into the HPLC. Sample concentrations were determined by validated HPLC methods.
Analytical Quantitation
Metronidazole
The quantitation of metronidazole dissolution samples was carried by following HPLC chromatographic conditions: Mobile phase consisted of water:methanol mixture (85:15), which was pumped at a flow rate of 1 ml/min through a Luna® C8 (2) (5 μ, 150 mm×4.6 mm i.d.) column. The autosampler system injected 10 μl of standard and sample solutions into the chromatograph. The UV detector was maintained at an absorption wavelength of 319 nm. Prior to sample estimation, the HPLC method was validated for its suitability in all three dissolution media for linearity, accuracy, precision, and recovery studies according to the USP general chapter Validation of Compendial Procedures <1225> (16) . The linear range was selected based on an expected lowest release concentration of about 3.7% and highest of 120% of drug content dissolved CV coefficient of variation, USP US Pharmacopeia, SIF simulated intestinal fluid, SGF simulated gastric fluid in 900 ml of each dissolution medium at pH 1.2, 4.5, and 6.8. The observed correlation coefficient was r 2 = 0.999, and coefficients of variation were 1.68, 2.12, and 1.84% in pH 1.2, 4.5, and 6.8 buffers, respectively.
Zidovudine
Zidovudine was tested using HPLC chromatographic conditions that consisted of water:acetonitrile mixture (85:15) as the mobile system, which was pumped at a flow rate of 1 ml/min through a Luna® C8 (2) (5 μ, 150 mm×4.6 mm i.d.) column. The autosampler system was set to inject 10 μl each of the standard followed by samples into the chromatograph. The UV detection was set at an absorption wavelength of 265 nm. Prior to routine analysis, the HPLC method was validated for its suitability by testing for linearity, accuracy precision, and recovery studies according to the USP general chapter Validation of Compendial Procedures <1225> (12).
The linear range was set based on lowest expected release of about 3.7% and highest of 120% of drug content in 900 ml of each dissolution medium of pH 1.2, 4.5, and 6.8. The observed correlation coefficient was r 2 = 0.999, and coefficients of variation were 1.72, 1.26, and 2.24% in pH 1.2, 4.5, and 6.8 buffers, respectively.
Amoxicillin
The HPLC method was validated for its suitability in all three media for their linearity, accuracy, precision, and recovery studies as per USP general chapter Validation of Compendial Procedures <1225> (16) . The linearity range was set based on lowest expected drug release concentration of about 3.7% and highest of 120% in 900 ml of each dissolution medium at pH 1.2, 4.5, and 6.8. The observed correlation coefficient was r 2 =0.999, and coefficients of variation which were about 2.46, 2.87, and 1.47% in respective buffers of in 900 ml water after which the pH was adjusted with 0.1 NaOH to 4.5±0.1, and the volume was made up to 1,000 ml. The buffer was further mixed with 5% acetonitrile which was pumped at a flow rate of 1 ml/min through a Luna® C8 (2) (5 μ, 150 mm×4.6 mm i.d.) column. Equal quantities (10 μl) of standards and samples were injected into the chromatograph, and the responses were detected at a UV wavelength of 229 nm.
Study Design
The mechanical systems of the dissolution apparatus was calibrated by performing the USP performance verification test (PVT) in accordance with the general chapter Dissolution <711> (17) . Thus ensuring the apparatus was performing at optimum conditions and complies with the compendial standards established for dissolution test procedures.
Selection Criteria for the Comparator Pharmaceutical Product (CPP)
According to the World Health Organization (WHO), a suitable reference product is an innovator product for which quality, safety, and efficacy have been established in a wellregulated country. When the requisite reference product cannot be identified, an alternative CPP or suitable reference product may be considered. As per the WHO recommendations: "The alternative CPP should have been approved in ICH or associated countries and has been "pre-qualified" by the WHO. Furthermore, it has extensive documented use in clinical trials and reported in the peer-reviewed scientific journals. It should have a long and unproblematic period of post-market surveillance and must conform to compendial quality standards" (5) .
The authors used the FDA's Orange book (18) to select suitable reference products when this study was initiated, the Orange book listed Amoxil® 500-mg capsules manufactured by GlaxoSmithKline as the reference-listed drug (RLD). However, during the course of this study, the Orange book lists Amoxil® 500-mg capsules under discontinued products. Hence, to continue with the study with suitable reference products, the authors chose amoxicillin, manufactured by Ranbaxy as the CPP since the product is listed in the Orange book as bioequivalent to Amoxil® 500 mg (19) . In the case of metronidazole, although the Orange book only lists the 250 and 500 mg strengths with Pfizer as the manufacturer, Flagyl® 400-mg tablets manufactured by Sanofi-Aventis was used as the CPP. Retrovir® 100-mg capsules and 300-mg tablets containing zidovudine, both manufactured by GlaxoSmithKline, were used as the respective CPPs (20) .
Data Analysis
The generated analytical data was processed using a Microsoft Excel® spread sheet, and the results were calculated for all samples of each product tested. The criterion for evaluating the dissolution profiles was determined as per FDA guidance.
In vitro equivalence between the CPP and relevant test product(s) obtained from their respective domestic markets was established based on the dissolution profiles of the test and CPP. Acceptance criteria based on the similarity factor (f 2 ) when tested and the reference product in all three dissolution media were established as similar due to rapid dissolution of the active drug.
RESULTS AND DISCUSSION
Metronidazole
The dissolution profiles of products marketed in South Africa (SA) vs the reference product were shown in Fig. 1 .
Although Flagyl® 400 manufactured by Sanofi-Aventis (SA) was used as the reference product for this study, Abbott Pharma markets their metronidazole product under the same trade name in India. When the dissolution of both Flagyl® (South Africa) and Flagyl® (India) were tested, both products showed a release of >85% in 15 min in all three media. Hence, the two reference products were shown to be equivalent. The first set of data in Fig. 1 (South African products) shows that all products dissolved very rapidly in pH 1.2 and met the requirement by exceeding a release of 85% metronidazole in 15 min. In pH 4.5, Trichazole® 400, Bemetrazole 400, and Adco-metronidazole 400 mg products dissolved very rapidly (i.e., >85% in 15 min), but Acuzole 400 dissolved rapidly (85% or more in 30 min) requiring more than 15 min to release. In pH 6.8, Bemetrazole 400 and Trichazole® 400 products met the very rapidly dissolving requirement. Although Acuzole 400 dissolved rapidly, it failed the f 2 (43.92) with the CPP.
The dissolution profiles of the metronidazole products in India are shown in Fig. 2 . Metgyl required 60 min to release 85% in all three pH media and thus did not meet the biowaiver requirements. Metrosun 400, metronidazole 400 (Medibest), Metrogyl® 400, and metronidazole I.P. 400 (Mortin & Brown) dissolved very rapidly in pH 1.2 and in pH 4.5 buffers and thus met the requirement by exceeding a release of 85% in 15 min. In pH 6.8, Metrosun 400, metronidazole 400 (Medibest), and Metrogyl® 400 dissolved very rapidly and passed the f 2 requirement of ≥50. However, metronidazole I.P. 400 (Mortin & Brown) dissolved rapidly but did not meet the f 2 requirements (49.15). Hence, only 8 of the total 11 tested metronidazole products released more than 85% in 15 min (very rapid dissolving) in all three media and thus met biowaiver requirements. Metronidazole I.P. 400 (India) and Acuzole (South Africa) were very rapidly dissolving in pH 1.2 but were only rapidly dissolving in pHs 4.5 and 6.8 and failed the f 2 requirements.
Zidovudine
Retrovir® 10-mg and 300-mg formulations were manufactured by GSK and were used as CPP for South African products. The dissolution profiles of all zidovudine products vs relevant the CPP for 100-mg dose strength are shown in Fig. 3 . All the zidovudine 100-mg formulations, Auro-zidovudine (SA), Aspen-zidovudine (SA), and Zidovir 100 (India) dissolved very rapidly in all three media and were considered to be in vitro equivalent using Retrovir® as CPP.
The dissolution profiles for Retrovir® 300 mg (CPP) and generic zidovudine formulations purchased in South Africa are shown in Fig. 4 . The drug release from generic formulations and the CPP from the Indian market are shown in Fig. 5 . The tested products dissolved very rapidly and met the requirement by exceeding a release of 85% in 15 min in all three media. Thus, these formulations may be considered as being in vitro equivalent as per the biowaiver recommendations.
Amoxicillin
The dissolution profiles of products marketed in South Africa vs CPP are shown in Fig. 6 . Promoxil 500, Austellamoxicillin 500, Ranmoxy 500, and Betamox 500 were all rapidly dissolving only in pH 1.2 but failed the rapidly dissolving requirements in pHs 4.5 and 6.8. Similarly, all the other amoxicillin products did not meet the biowaiver criteria.
Comparison of the Indian generic amoxicillin products and their dissolution profiles of the products are shown in Fig. 7 . AmoxyRite 500, Novamox 500, Almox 500, Moxikind® 500, and Mox 500 were all rapidly dissolving products in (Ranmoxy 500-SA) and (Mox 500-India) and was used as the respective CPPs, they showed variation in their dissolution behaviors under all test conditions. In fact, when the Fig. 3 . Dissolution profiles of the CPP and zidovudine 100 mg products marketed in South Africa and India dissolution of both these products were tested, (n=12) neither met the 85% release in the 15-min criterion (very rapidly dissolving) in any of the three media. However, the Indian CPP product, Mox 500, released 95.0% within 30 min, thereby falling under the rapidly dissolving category at pH 1.2. But only dissolved 63.8 and 76.0% in pHs 4.5 and 6.8, respectively. However, Ranmoxy® 500 (SA) dissolved 88.1% in pH 1.2 within 30 min which complies with the rapidly dissolving criterion in pH 1.2 but only 51.6 and 60.9% in pHs 4.5 and 6.8, respectively. In fact, in terms of the requirements for a biowaiver, Ranmoxy®500 and Mox 500 would not be considered to be in vitro equivalent.
This study clearly challenges the presumptions relating to dissolution properties of generic products containing BCS I drugs. Even more challenging, as emphasized by Löbenberg et al. (6) , is the choice/identification of a suitable/acceptable CPP when the RLD (USA) or relevant innovator product is no longer manufactured in the respective country. In our instance, the originally listed amoxicillin CPP from the Orange book was withdrawn from the market during the planning of this study, and the Orange book did not indicate the replacement CPP. Hence, the authors selected a reference product for use as the CPP using the WHO criteria (vide supra). A further intrigue is that Amoxil® 500 mg, manufactured by GlaxoSmithKline in India and listed in the Orange book, was not commercially available in either of the countries. Hence, it was not possible to obtain a reference product (i.e., the innovator product) for use as an appropriate CPP. Consequently, the resulting CPPs for India and South Africa were chosen according to the WHO requirements for use as acceptable respective "alternative" CPPs.
Interestingly, in the case of metronidazole products, it was found that two different products with the same trade name, Flagyl®400, are being marketed in India and South Africa. The Indian innovator product is manufactured by Abbott Pharma and the South African by Sanofi-Aventis (SA). Notwithstanding, both products were found to meet the very rapidly dissolving criteria in all three media. Eight of eleven metronidazole tablets (400 mg) including two CPPs were tested, five from South Africa and six from India. Of those five South Africa products, four met the dissolution requirements in all three pH media, whereas one product, Acuzole, did not comply at pH 4.5 or 6.8 (n=12). When Acuzole was compared to the relevant CPP, Flagyl®400 mg (Sanofi-Aventis), the f 2 value in pH 6.8 is 43.92.
Of the six Indian metronidazole products, four met the very rapidly dissolution requirements, whereas one product, Metgyl 400, failed to even meet the 85% in 30 min requirement in all three media. Another product, metronidazole I.P. 400 (Mortin & Brown), was found to be rapidly dissolving in all three pHs. However, whereas the f 2 values passed in pH 1.2 (66.44) and pH 4.5 (63.98), the f 2 value in pH 6.8 was just below the acceptance value of 50 (49.15) and, as such, deemed to have failed the biowaiver requirements. Hence, whereas previous studies (6) on these products available in the Americas found that none of the five generic metronidazole products (three generics from Argentina and two generics from Mexico vs one CPP) were in vitro bioequivalent. This is in contrast to our findings that of nine products tested (four generics vs one CPP from South Africa and five generics vs one CPP from India), three products from each of South Africa and India were found to be in vitro equivalent. In the thus were also found to be in vitro equivalent. Although there is an innovator product, Retrovir® 100-mg capsules, marketed in South Africa by GSK, an innovator zidovudine product could not be identified in India. Hence, the Cipla product, Zidovir 100-mg capsules, marketed in India was chosen as the CPP. Similarly, Retrovir® 300-mg (GSK) tablets were available in South Africa; an innovator tablet product containing 300 mg zidovudine was not marketed in India; hence, the Cipla product, Zidovir 300-mg tablets, was chosen as the CPP.
All the tested amoxicillin products from the South African and Indian markets were not in vitro equivalent and therefore failed to meet the biowaiver requirements, whereas Löbenberg et al. (6) found that 3 of the 11 generic amoxicillin products tested against 1 CPP were found to be in vitro equivalent. The South African and Indian amoxicillin products used as CPPs only met the dissolution requirements in pH 1.2 (rapidly dissolving) but did not meet the dissolution requirements in pH 4.5 or 6.8. As a result, these two CPPs were not deemed to be in vitro equivalent. On the other hand, the two different metronidazole products with the same trade name but manufactured by different innovator companies, SanofiAventis in South Africa and Abbott in India, were found to be "in vitro" equivalent.
CONCLUSIONS
Although differences in dissolution behavior exist between some metronidazole, and in particular, most of the amoxicillin generic products tested, both currently and previously (6) , zidovudine products appear to be the most consistent in terms of their dissolution behavior. It is clear from all these studies that the appropriate choice of a CPP is extremely important to ensure that products which are approved on the basis of a biowaiver have the necessary quality, safety, and efficacy properties. In particular, since metronidazole, zidovudine, and amoxicillin products are included in the essential drug list (EDL) (21) , it is essential that these products are rigorously tested to avoid possible serious consequences for patients if such products are found to be substandard. Based on the results of the present studies, it is somewhat of a concern that even some approved products containing BCS I drugs were not found to be in vitro bioequivalent when tested in accordance with the recommendations for a biowaiver.
